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Abstract
This work characterizes the thermal state of Sn-Pb droplets during a droplet-based
manufacturing process called the uniform-droplet spray process. We have designed
and fabricated an in-situ calorimetric device to investigate the thermal state of Sn-
5wt%Pb, Sn-25wt%Pb, and Sn-37wt%Pb droplets. Under equilibrium conditions, the
thermal state of the droplets is defined by the temperature and liquid fraction of the
droplets. Under non-equilibrium conditions, the thermal state of the droplets is defined
by the temperature, liquid fraction, and prior undercooling of the droplets. The main
factors affecting the thermal state of individual droplets in the uniform-spray process
are flight distance between the orifice and the substrate, gas atmosphere in the uniform
droplet apparatus, and composition of the alloy. From the microstructures of the col-
lected powders, the relationships between the thermal state of the droplets and the
morphologies of the droplets are deduced. A scanning electron microscopic analysis
on Sn-5wt%Pb droplets shows the effects of temperature, enthalpy, and liquid fraction
on the shape of the solidification front inside the droplets for the uniform-droplet spray
process. The enthalpies of Sn-5wt%Pb droplets collected at different flight distances
are determined through experimental measurements using the calorimetric device. The
measured droplet enthalpies are compared with enthalpies calculated using an equilib-
rium solidification model.
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Introduction: An Overview of
the Droplet-Based
Manufacturing Process
1.1 Introduction to Spray Forming
Spray forming is a single step Droplet-Based Manufacturing (DBM) process that is
used to create a variety of parts [5, 8, 13]. In this process, a stream of molten metal or
molten alloy is broken into a spray of droplets which are collected on a substrate to
form a part. Figure 1.1 shows a schematic of the spray forming process [19]. Usually,
the molten alloy or metal stream is broken down into a spray of droplets by a method
called "gas atomization". During gas atomization, a high velocity gas jet is directed
towards the stream to break it up into randomly sized droplets. Some of the parts that
can be produced by this process include simple near-net shapes, such as cylinders,
disks, and sheets [8, 12]. The shape of the part is determined by the shape of the sub-
strate and the relative motion between the spray and the substrate. Spray forming has
several advantages over other competing processes such as casting. Some of the
advantages are listed below:
1. It is a quick process.
2. It can create parts that have a desirable microstructure. A desirable micro-
structure is characterized by a uniform distribution of equiaxed grains, an
uniform distribution of second phases, and an absence of pores.
The above characteristics allow spray forming processes to form parts that have
tailored mechanical properties. Examples of the variety of parts that can be produced
using spray forming processes are tubes and sheets from special steels, superalloys,
aluminum, and copper using the Osprey Preform Process which is a gas atomization
process [ 19].
1.2 Limitations of Conventional Spray Forming Processes
The success of the spray forming process is gauged by several attributes: control of
deposit microstructure, control of deposit shape, and maximization of process yield [6,
7]. Since the deposit is created by individual droplets, the properties of the droplets are
among the principal factors affecting the properties of the deposit. As an example, the
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size of the droplets determines the thermal state and the morphology of the atomized
droplets at the time of deposition. This is because the size directly affects the amount
of heat transferred from the droplet to the ambient gas and the acceleration and decel-
eration of the droplets during their flight towards the substrate. In other words, the size
affects the mass and enthalpy of the droplets and therefore it has a significant effect on
the thermal state and morphology attained by the droplets. Sprays consisting of non-
uniform droplets imply a random distribution of mass fluxes, enthalpy fluxes and mor-
phological states of the droplets which are transferred in the same random manner to
the deposit. Due to this randomness, the microstructure of the deposit is non-uniform.
The non-uniformity in the size of the droplets also affects the repeatability of the
experiments carried out to understand and characterize spray forming [19]. This is
because each point in the spray contains different mass and enthalpy fluxes and differ-
ent distributions of droplet sizes, velocities, and enthalpies. These variations make it
difficult to characterize the state of the section of the spray responsible for creating a
portion of the deposit. Therefore, the first drawback of conventional spray forming
processes is the production of non-uniform droplets.
The second drawback is the existence of a high degree of coupling between the
variables in the spray forming process [9, 11]. As an example, a change of the gas flow
rate that breaks the molten alloy stream into droplets can change several variables at
the same time. Some of these variables include droplet impact velocity, droplet cooling
rate, and deposit cooling rate. It thus becomes difficult to understand and determine
how the gas flow rate affects one of the variables alone, for example, the droplet
impact velocity. This difficulty leads to a severe limitation of the range of experiments
that can be carried out using the spray forming process.
The two drawbacks mentioned above were some of the reasons that motivated the
introduction of a spray forming process that produces an uniform-droplet spray (UDS)
of metal. It was argued that the production of uniform droplets would eliminate many,
if not all of the above drawbacks [19].
1.3 Introduction to the Uniform-Droplet Spraying Process
This section describes the mechanism by which uniform droplets are produced and
directed to form a deposit in the uniform-droplet spraying process. Section 2.2 gives a
detailed explanation of the apparatus and the role of individual parts of the apparatus
used to create the droplets. Section 2.3 describes the step by step procedure used to
create the droplets using the apparatus. Figure 2.1 shows a schematic of the uniform
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droplet generator that is used to create the droplets and produce the deposit. This appa-
ratus produces uniform, electrically charged droplets which are collected on a sub-
strate to produce a part. The apparatus is based on the same concept that is used in
continuous ink-jet printers [21]. However, the apparatus is designed to work with met-
als and alloys as well as to prevent the coalescence of droplets at large flight distances.
The molten metal or alloy stream is broken into droplets due to Rayleigh instabil-
ity imposed on the jet stream. Rayleigh instability criterion explains that over time, a
laminar jet stream will break up into droplets because the surface energy per volume is
lower for spheres than for cylinders. A jet typically will break at random intervals
around a preferred wavelength to form non-uniform droplets [1]. However, it is possi-
ble to break the jet into uniform droplets by imposing periodic vibrations of sufficient
amplitude at the base of the jet [1, 2, 21]. These periodic vibrations override the ran-
dom disturbances responsible for creating non-uniform droplets and break up the
stream into uniform droplets.
The uniform droplets are prevented from coalescence with each other during flight
by being electrically charged with the same polarity. The repelling action enables the
droplets to arrive individually at the substrate. Experiments have shown that a charge
of 10-12 coulombs/droplet helps in preventing coalescence for a flight distance of
about 500 mm [19]. The flight distance is the distance between the orifice through
which the molten stream is forced out and the substrate where the droplets are inter-
cepted to form the deposit.
The spray consists of charged droplets that scatter as they fly towards the substrate
to form a deposit. The rate of scattering is controlled by varying the amount of charge
on the droplets. The consolidation of the charged droplets on the substrate forms a
deposit. One of the principal factors that controls the level of consolidation of the
droplets is the amount of liquid fraction carried by each individual droplet when it hits
the substrate. If the droplets in the spray contain too much solid, the deposit will be
porous. At the same time, the process yield is reduced since many of the droplets will
bounce instead of sticking to the deposit. On the other hand, if the droplets in the spray
contain too much liquid, they will merge with each other to form a liquid pool on the
substrate. This pool will eventually solidify to form a coarse, segregated microstruc-
ture in the deposit. The concentration and distribution of the different phases in the
solidification structure will determine the solidification parameters within the deposit
such as dendritic arm spacing [19].
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1.4 Advantages of the Uniform-Droplet Spray Process
Some of the initial observations show that the uniform-droplet spray process can pro-
vide many advantages which include most of the advantages offered by spray forming
[10, 19]. The significant advantages are characterized in terms of higher yields,
deposit microstructure, control and repeatability of experiments, complex part forma-
tion, de-coupling of system parameters, modeling of system variables, ease of experi-
mentation, and processing of novel materials. The use of uniform droplets offers these
advantages in the following manner:
1. Deposit Microstructure: Uniform droplets share identical velocities, tempera-
tures, liquid fractions, and undercooling at any given flight distance. The
wide distributions of velocities, temperatures, and liquid fractions observed
in conventional spray processes are absent in the uniform-droplet spray pro-
cess. This enables the deposit to have a uniform mass flux and enthalpy flux
in the latter process which then helps to form a deposit microstructure that is
uniform and homogenous. By careful control of the thermal states of the
droplets, the microstructures can develop as fine-equiaxed and homogenous
with low porosity levels.
2. Decoupling of system variables: Unlike gas-atomized spray-forming, uni-
form-droplet spray process is a de-coupled design. Each system variable can
be made independent of the other system variables. Through experiments,
relationships between the different system variables have been defined and
characterized. As an example, the spread of the spray is controlled primarily
by the charging amount imparted to the droplets. Therefore, if a deposit
requires a larger spread area, the charge carried by the droplets is increased. It
is then possible to predict and confirm how a variation in system variables
can affect the deposit produced. This information has advantages in terms of
modeling and characterizing the system as well as in terms of controlling and
repeating the experiments.
3. Characterization of the process: An absence of randomness in size enables
the process to be characterized in a systematic manner. As an example, exper-
iments have been performed to measure the enthalpy of each droplet in the
system. This is essential to determine the thermal state of the droplets, which
is difficult in conventional spray forming processes where all the droplets
have different enthalpies. Experiments have also been performed to deter-
mine the velocity and charge of individual droplets during the droplet-based
manufacturing process.
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1.5 Characterization of the Uniform-Droplet Spray Process
The potential of droplet-based manufacturing processes can be exploited fully after a
thorough understanding of the process is achieved. Several mechanisms need to be
understood individually before the process can be completely characterized. These
mechanisms include fundamentals concerning the following: how the molten stream
breaks into uniform droplets, what is the effect of oxidation on the break-up of the
molten stream, how the droplets are charged, how the droplets interact during their
flight towards the substrate as a result of being charged, how the droplets consolidate
to form the deposit, and finally, how the properties of the deposit are controlled and
formed. Besides understanding the process, there are two other motivating factors for
understanding the fundamentals of the above mechanisms. The first factor is to create
a deposit that has a homogenous, non-porous and fine-equiaxed morphology. The sec-
ond factor is to create deposits with novel morphologies which can be used for specific
applications. As an example, a deposit grown with a specific morphology along one of
its dimensions can have a certain property strengthened along that dimension. One of
the principal factors controlling the properties of the deposit is the microstructure of
the deposit. Previous studies [17, 19] have indicated that the deposit microstructure
depends on several factors. These factors are the thermal state of the droplets, the
fluxes of the droplets, the impact states of the individual droplets, the thermal condi-
tions at the substrate-deposit interface, and the processing conditions of the experi-
ments.
This work attempts to understand and characterize one of the factors responsible
for controlling and forming deposit microstructures [15, 16]. This factor is the thermal
state of the droplets. Specifically, this study is carried out first to understand the ther-
mal state of the droplets and second, to determine how the thermal state of the droplets
affects the microstructure of the deposit.
To summarize, it is critical to understand how and why the thermal state of the
droplets affects the microstructure of the deposit for three fundamental reasons:
1. To characterize the process-structure relationship in the uniform-droplet
spray process.
2. To control the microstructure of the deposit and thereby control the proper-
ties of the parts produced from the deposit.
3. To create novel microstructures of the deposit for specific applications.
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1.6 Research Objectives
The thermal state of the droplets is one of the principal factors that controls the micro-
structure of the deposit in the uniform-droplet spray process. When the droplets
undergo equilibrium solidification, their thermal state is defined by their temperature
and their liquid fraction or their enthalpy and their liquid fraction. During equilibrium
solidification, each droplet starts solidifying at its liquidus temperature and completes
solidifying at its solidus temperature. When the droplets undergo non-equilibrium
solidification, their thermal state is defined by their temperature, liquid fraction and
undercooling or their enthalpy, liquid fraction and undercooling. During non-equilib-
rium solidification, droplets start solidifying at a temperature lower than their liquidus
temperature. The difference between the temperature at the start of solidification and
their liquidus temperature is called the undercooling.
Therefore, a complete understanding of the thermal state of the droplets requires a
study of both equilibrium solidification (with no undercooling) and non-equilibrium
solidification (with undercooling).
Previous studies have investigated the thermal state of the droplets under equilib-
rium solidification conditions. Specifically, work has been done to study the relation-
ships between the thermal state of the droplets and the microstructure of the deposit.
At the same time, the temperature, enthalpy and liquid fraction of the droplets have
been measured during experiments assuming equilibrium conditions and compared
with values derived from an equilibrium model [19].
This work investigates additional aspects of the thermal states of the droplets.
They are as follows:
1. External factors affecting the thermal state of the droplets in the droplet-
based manufacturing processes. These factors include system variables like
the flight distance at which the droplets are collected and the type of inert gas
through which the droplets travel. The factors are investigated under both
equilibrium and non-equilibrium solidification conditions.
2. Relationship between each factor affecting the thermal state of the droplets
and the morphology of the droplets. The droplets are quenched in oil and col-
lected in a calorimeter (Section 2.2). Experiments are carried out to decouple
the factors affecting the thermal state of the droplets and to study the effect of
each factor on the morphology of the droplets.
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3. Initiation of the solidification process within an individual droplets as a result
of quenching. (2) and (3) are important parameters needed to characterize
how external processing conditions (system variables) interact with internal
(occurring within the droplet) microstructural evolution conditions to create
the microstructure of the droplets.
4. Measurement of the enthalpy of an individual droplet assuming non-equilib-
rium conditions. This was motivated in order to determine the undercooling
of an individual droplet. A detailed description of how the enthalpy of a drop-
let is related to the undercooling of the droplet is qualitatively given in Sec-
tion 2.3. When the droplets undergo non-equilibrium solidification, their
thermal state is defined by their enthalpy, liquid fraction and undercooling.
Potentially, the liquid fraction of the droplet can be determined within an
approximation from metallographic studies by comparing the proportions of
solid and liquid phases. Therefore, the entire thermal state of an undercooled
individual droplet can be determined quantitatively by using the procedure
described in this work.
5. As a future work, a model [ 18] is being developed to explain how the thermal
state (temperature, enthalpy, liquid fraction) and the internal solidification
parameters (solid-liquid interface velocity, solid-liquid interface composi-
tion, dendritic tip radius) of an undercooled droplet can be determined theo-
retically. This model is a modification of the Lipton-Glicksman-Kurz (LGK)
model [20]. It modifies the LGK model by introducing kinetic undercooling
that results from the high solid-liquid interface velocity occurring within the
droplet. Similar models accounting for the kinetic undercooling have been
presented [18,24,25].
1.7 Approach
To investigate the thermal states of the droplets in flight, three different Sn-Pb alloys
were studied. At the same time, an in-situ calorimetric apparatus was built to analyze
the thermal states in flight.
Three different Sn-Pb alloys were used to investigate the thermal state of the drop-
lets. They are Sn-Swt%Pb, Sn-25wt%Pb and Sn-37wt%Pb (Figure 1.2). These alloys
were used because of several reasons. First, a literature survey shows that these spe-
cific Sn-Pb alloys have been studied extensively in spray forming processes to under-
stand fundamental solidification phenomena [16]. By comparing the morphologies of
Sn-Pb powders obtained in this work with the morphologies of Sn-Pb powders pro-
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duced in other studies, we can understand how the uniform-droplet spray process is
different from conventional spray forming processes and whether the uniform-droplet
spray process is capable of producing any results not previously obtained. Second, the
three alloys cover a wide range of Pb-content and can therefore help in the character-
ization of wide compositions of Sn-Pb alloys in general. Third, Sn-25wt%Pb and Sn-
37wt% alloys were specifically used to study the relationship between the thermal
states of the droplets and the morphology of the droplets. This is because alloys having
a Pb content higher than 20% yield a Pb-rich phase as the primary phase when solidi-
fied after a large undercooling [18, 22]. Therefore, by studying the solidification
microstructure of the droplets, one can investigate the prior undercooling. Fourth, Sn-
5wt%Pb was investigated to determine the enthalpy of an individual droplet in flight.
This specific alloy was selected because theoretical models [18, 24, 25] which are cur-
rently being developed apply to dilute alloys.
An in-situ calorimetric apparatus was built to collect the uniform droplets during
flight. It was used to investigate the factors affecting the thermal state of the droplets,
the relationship between the thermal state of the droplets and the morphologies of the
droplets, the initiation of the solidification front within the droplets and the measure-
ment of the enthalpy of an individual droplet. This apparatus was designed as a modu-
lar unit of the existing uniform droplet generator system that is used to create the
droplets. The calorimetric apparatus consists of three identical calorimeters or calori-
metric devices. A detailed description of both the uniform droplet generator and the
calorimetric apparatus is given in Chapter 2. The factors affecting the thermal state of
the droplets, the relationship between the thermal state of the droplets and the mor-
phologies of the droplets as well as the initiation of the solidification front within the
droplets were determined by studying the morphologies of the quenched droplets in
the calorimetric devices. The enthalpy of an individual droplet was determined by
measuring the temperatures of the oil near the bottom and top of the calorimetric
devices and by using these temperatures in an energy balance relationship. A detailed
explanation of the procedures used is given in Chapter 2.
18
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CHAPTER 2
This chapter describes the experimental apparatus and the experimental procedure that
were implemented to meet the objectives of this work. The main goals of this work are
as follows:
1. Determination of system variables and conditions affecting the thermal state
of the droplets.
2. Relationship between the thermal state of the droplets and the morphology of
the droplets.
3. Initiation of solidification inside an individual droplet during flight. This
aspect focuses on the shape of the solidification front inside a droplet
quenched in oil and speculates on the origin of the nucleation sites inside the
droplet.
4. Determination of the enthalpy of an individual droplet in flight.
5. Procedure to determine the undercooling of an individual droplet in flight.
This section explains how the enthalpy data can be used to determine the
undercooling amount of an individual droplet in flight.
Section 2.1 describes the experimental apparatus that was built to provide the opti-
mum conditions needed to investigate and meet the goals. Section 2.2 describes the
experimental procedure that was used to reach each goal. In Section 2.2, there is an
overview of the alloys and the experiments as well as the experimental conditions and
parameters involved for each experiment and each alloy.
2.1 Experimental Apparatus
The following sections describe the uniform droplet generator and the calorimetric
apparatus that were used together to create the uniform Sn-5wt%Pb, Sn-25wt%Pb and
Sn-37wt%Pb droplets and to study their thermal states. The droplet generator is an
existing system that creates the uniform droplets [19]. The calorimetric apparatus was
built specifically for this work in order to study the thermal state of the droplets in
flight. It was designed as a modular unit of the droplet generator and supports the cal-
orimetric devices in which the droplets are collected in oil during flight.
2.1.1 The uniform droplet generator
Figure 2.1 shows a schematic of the low temperature (< 5000 C) uniform droplet gener-
ator system [19] with the modular calorimetric apparatus. The droplet generator is a
20
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previously built system that creates uniform, electrically charged molten metal or alloy
droplets. It consists of seven components: a crucible, an orifice, a spray chamber, a
melt vibrating system, a droplet charging system and a monitoring system. Each part is
briefly described below.
The crucible is machined from 303 stainless steel and can hold up to 500 ml of
molten metal or alloy. The melt temperature inside the crucible is held constant to
within 1C using a temperature control system that has the following parts: a PID con-
troller, a K-type thermocouple and a pair of 300 W band heaters (Omega: Stamford,
CT). The orifices used in the experiments are 100 gm (Bird Precision: Waltham, MA)
in diameter. They are drilled in ruby or sapphire (high purity A12 03) jewels. They are
mounted with Autostic, a ceramic adhesive in pockets that are machined on the bottom
of the crucible. To attain directional stability of the jets, each orifice is modified to
have a radius equivalent to 0.01 of its inner diameter at its entrance. The spray cham-
ber is a hollow cylindrical chamber that is 900 mm long and 150 mm in inner diame-
ter. It is made out of pyrex conical system pipe (Corning: Corning, NY). It holds the
inert gas (N2 or N2-2%H2 ). The gas control system maintains the inert gas environ-
ment in the spray chamber. It also forces the jet out of the orifice by applying a pres-
sure differential between the crucible and the chamber. It consists of the following
parts: two regulated gas supplies (a high pressure source operating at pressure levels
between 200 to 550 kPa and a low pressure source operating at a pressure level of 35
kPa), a vacuum pump, and a three-way valve connecting the crucible to either the
spray chamber or the high pressure source.
The melt vibrating system is responsible for producing perturbations at the orifice
that break the jet at regular intervals to create uniform droplets. It consists of the fol-
lowing parts: a piezo-electric transducer, a function generator, an amplifier, a trans-
former, a shaft and disk assembly and a frequency counter. The piezo-electric crystal is
a lead zirconate titanate (PZT-5A/Navy type II) and is 12.7 mm in diameter and 3.18
mm thick (Morgan Matroc: Bedford, OH). The function generator and amplifier along
with the transducer drive the crystal between 400 volts and 1000 volts corresponding
to a frequency between 5 and 30 kHz. The droplet charging system electrically charges
the droplets so that they break away from the jet and repel each other during their
flight towards the substrate. Therefore their coalescence is prevented during flight. The
charging system consists of the following parts: a DC voltage source, a 6.35 mm thick
brass plate with a 3.18 mm diameter hole. The monitoring system provides feedback
for controlling the droplet size. It consists of the following parts: a video system
equipped with a stroboscope (Quadtech: Bolton, MA), a micro-mac CCD video cam-
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era (Techniquip: Hollywood, CA) and an unimac 0.7x to 4.5x power microscopic
zoom lens (Meiji Techno: Woburn, MA).
2.1.2 The calorimetric apparatus
The calorimetric apparatus has been built specifically to study the thermal state of
the droplets. It consists of three identical calorimetric devices mounted on two shafts
attached to the lower plate system of the uniform droplet apparatus described above.
The shafts are 700 mm and 600 mm in height. The calorimetric devices can be bolted
to the shafts at any flight distance between 260 mm and 860 mm. The 600 mm long
shaft can be rotated during the experiments if necessary. This permits the droplets to
be collected individually in each of the three devices without being intercepted by the
other two. A schematic of a calorimetric device is shown in Figure 2.2. Each device
consists of a 5 ml capacity ceramic cup glued to a 25.4 mm by 76.2 mm by 6.35 mm
aluminum plate. Ceramic cups are selected because they are good insulators and mini-
mize heat loss during the experiments. Each cup is filled with 3 cc of Dow Corning
704 diffusion pump silicon oil (Dow Corning: Midland, MI). This oil was chosen
because of several properties: it does not react with oxygen at operating temperatures
and it is chemically inert with metal parts, seals and gases such as hydrogen and car-
bon monoxide. Droplets are intercepted in the oil bath as well as on the aluminium
plate projection.
To measure the enthalpies of the droplets in flight, the same calorimetric apparatus
is used with two modifications. The first modification is the introduction of thermo-
couples into the oil bath of each calorimetric device which are used to monitor the
temperature of the oil. Two K-type Chromel-Alumel thermocouples (Omega: Stam-
ford, CT) are inserted into the oil bath of each calorimetric device which is shown in
Figure 2.2. One thermocouple is placed near the bottom of the bath and the other ther-
mocouple is placed near the surface of the bath. They are used to monitor the tempera-
tures near the bottom and the surface of the oil respectively. Two thermocouples are
also used to monitor the temperature of the N2 gas in the chamber during each experi-
ment. The second modification is the introduction of a data acquisition system which
is used to monitor the transient and steady state temperatures of the oil. The data
acquisition system consists of the following parts: a Gateway 2000, 486 computer sys-
tem (Gateway: N. Sioux City, SD), a DAS-TC PC board (Keithley Metrabyte: Taun-
ton, MA) and DataLogger utility software (Keithley Metrabyte: Taunton, MA). The
DAS-TC board and the DataLogger utility software monitor the transient and steady
state temperatures of the thermocouples during the experiments. The eight thermocou-
ples (two each for each of the three calorimetric devices and two for the N2 gas) are
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connected to the computer through connectors machined on the bottom plate of the
droplet generator system.
The weight of the oil used to collect the droplets in the calorimetric devices and the
weights of the collected droplets are measured using an electronic balance (Ohaus
Corporation: Florham Park, NJ) and a dial-gram balance (Ohaus Corporation: Florham
Park: NJ). In both cases the error associated with the measurements is +0.05 gm.
2.2 Experimental Procedure
The following sections describe the procedures that were used to create the droplets
and determine the thermal state of the droplets. Specifically, the sections describe the
methods used to create the uniform droplets in the uniform droplet generator, deter-
mine the conditions affecting the thermal state of the droplets, determine the relation-
ship between the thermal state of the droplets and the morphology of the droplets,
study the initiation of solidification inside the droplets and measure the enthalpy of
each droplet during its flight towards the substrate. The section concludes with the
introduction of a method that can be used to evaluate the undercooling of the droplets
from the measured enthalpy values of the droplets.
2.2.1 Production of uniform droplets
The parameters that were used to create the uniform droplets for each alloy are listed
in Tables 2.1 and 2.2. The modular calorimetric apparatus was inserted into the uni-
form droplet generator apparatus (Figure 2.1). The whole system was sealed air-tight.
The alloy was melted and allowed to reach a steady state, superheated value (500 C to
700C above the melting point of the alloy). The spray chamber was then evacuated to
300 milli-torr and filled with an inert gas three times with the help of the gas control
system. The three-way valve was then turned to disconnect the crucible from the spray
chamber and to connect it to the high pressure source. The pressure differential
between the crucible and the chamber was 136 kPa. The melt was forced out of the
crucible through the orifice to form a laminar jet. The piezoelectric transducer in the
melt vibrating system produced the right frequency to break the laminar stream into
uniform droplets [1, 2, 3, 14]. The droplet charging system electrically charged the
droplets as they broke away from the jet so that no coalescence was possible during
flight. The combination of the applied voltage and the capacitance between the plate
and the jet brought a charge to the tip of the jet. This charge was retained by each drop-
let as it travelled towards the substrate. These droplets were intercepted and collected
during their flight by the calorimetric devices. Once the run was over, the calorimetric
devices were removed and the weight of the droplets was measured using the dial-
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gram balance. They were then prepared for metallographic studies in the metallo-
graphic laboratory.
2.2.2 Determination of the factors affecting the thermal state of the droplets
Sn-25wt%Pb and Sn-37wt%Pb were investigated to study the factors affecting the
thermal state of the droplets in flight. The thermal state of the droplets in the uniform-
droplet spray process was analyzed by studying the microstructures of the collected
powders. The powders were collected in the calorimeter inside the uniform droplet
generator. By analyzing their microstructures, the morphologies of the droplets were
deduced. It was concluded that three factors affect the thermal state of the droplets in
flight: flight distance between the orifice through which the spray is ejected and the
substrate where the droplets are collected, type of inert gas used in the uniform droplet
generator, and alloy composition.
The flight distance affects the temperature and liquid fraction of the droplets. As
the distance between the orifice and the substrate increases, the temperature and the
liquid fraction of the droplets decrease. Therefore, by studying the microstructures of
the collected powders at different flight distances, relationships between the tempera-
ture, liquid fraction and morphologies of the droplets were determined.
The inert gas affects the undercooling of the droplets. Two inert gases were used in
this work. They are N2 and N2 -2%H2 . The use of N2-2%H 2 enables the H2 to react
with the 02 in the chamber. Therefore the potential for oxide to be formed on the sur-
face of a molten alloy droplet (which can act as high potency heterogenous nucleation
sites) is reduced. Prevention of oxidation is considered to promote droplet undercool-
ing. Hence the use of N2 -2%H2 increases the chances for undercooling. The use of N2-
2%H 2 gas combined with CaSO 4 as a desiccator provides a partial pressure ratio
PH2/PH20 of about 3000, a value more than sufficient to prevent oxidation of molten
Sn-Pb alloys [17]. Without H2, however, oxidation can take place at oxygen potentials
as low as 10-40atm and thus could have readily occurred in the CaSO4 desiccated N2
gas. Therefore, it is conceivable that the droplets produced in N2-2%H 2 gas were
undercooled more than those produced in N2 gas. By studying the microstructures of
the collected powders produced under different inert gases, relationships between the
undercooling and the morphologies of the droplets were determined.
The alloy composition affects the undercooling of the droplets [16]. The composi-
tion was varied between Sn-25wt%Pb and Sn-37wt%Pb. For purposes of comparison
of morphologies, the two compositions had to be in the same range in terms of the Pb
content (phase diagram, Figure 1.2). When the composition of Pb in Sn-Pb alloys is
greater than 20%, a Pb-rich phase in formed both in the presence and absence of
undercooling [18]. Therefore, it is possible to compare the morphologies of Sn-
25wt%Pb and Sn-37wt%Pb droplets by identifying their Pb-rich phases.
However, it has proved difficult to quantatively determine the difference in under-
cooling by looking at the microstructures of the collected droplets. Nevertheless, some
important differences have been determined between the two alloy compositions in
terms of the droplet liquid fraction and the rate of solidification.
2.3 Relationship between the thermal state of the droplets and the
morphology of the droplets
The relationship between the thermal state of the droplets and the morphology of the
droplets was determined by studying the microstructures of the collected powders.
Sn-25wt%Pb and Sn-37wt%Pb powders collected in oil were investigated to study the
effects of temperature, liquid fraction, and undercooling of the droplets on the mor-
phologies of the droplets. Experiments were performed to decouple the factors and
study the effect of each factor on the droplet morphology. Therefore, in each experi-
ment, there was only one variable which could be either temperature, liquid fraction,
or undercooling that affected the morphologies of the droplets. During each experi-
ment, the collected powders were collected in the in-situ calorimeter in the uniform
droplet generator. Their microstructures were studied under all the conditions. Two
experiments were performed for each of the two alloys: the first was carried out in N2
gas environment and the second was carried out in N2 -2%H2 gas environment. The
background gases were allowed to flow through the chamber after being desiccated
with CaSO 4. For each alloy, the uniform droplets were intercepted in oil at vertical dis-
tances of 200, 375, 400, 600, 700 mm. Table 2.1 lists the system parameters that were
used during the experiments for both alloys.
Table 2.1 Experimental conditions for Sn-25wt%Pb and Sn-37wt%Pb
Alloy Sn-25wt%Pb Sn-37wt%Pb
Orifice Diameter 100 gm 100 gm
Chamber Pressure 34.01 kPa 34.01 kPa
Crucible Pressure 170.07 kPa 170.07 kPa
Melt Temperature 533 K 523 K
Frequency 8.5 kHz 11.8 kHz
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Table 2.1 Experimental conditions for Sn-25wt%Pb and Sn-37wt%Pb
Alloy Sn-25wt%Pb Sn-37wt%Pb
Droplet Diameter 183 ±+4 m 179.5+1.5k m
Initial Velocity (N2) 6.34 m/s 6.15 m/s
Initial Velocity (N2- 6.62 m/s 6.05 m/s
2%H 2)
Weight of Alloy 100 gm 100 gm
Master alloys of compositions Sn-25wt%Pb and Sn-37wt%Pb were prepared
under the hood in the laboratory from 99.9% pure Sn and 99.9% pure Pb. The Sn and
Pb were weighed, melted and cast in hemispherical ceramic cavities about 20 mm in
diameter. The casts were then weighed and transferred to the crucibles. Table 2.1
shows the experimental conditions used during the experiments. Each experiment
lasted between 200 and 300 seconds.
After each experiment, the weight of the collected powders in each calorimetric
device was measured. The powders were then cleaned using acetone and allowed to
dry in open air. They were cold mounted in 25.4 mm diameter plastic holders using
room temperature curing epoxy and resin. The ratio of epoxy to resin was 9:1. The
epoxy was allowed to solidify in the hood for one day. The samples (mounted powders
in epoxy) were then cleaned with distilled water and methanol and dried. They were
then ground using 260, 340, 400 and 600 grit papers and polished sequentially with 6
gm and 1 im diamond paste, 0.3 Bjm alumina solution and 0.05 jlm colloidal solu-
tion. Finally, each sample was etched for 12 to 15 seconds using one part nitric acid,
one part acetic acid and eight parts glycerol. Three pictures were taken for each sample
under an optical microscope; one each at magnifications of x100, x400 and x1000. The
microstructures of the powders were investigated under each experimental condition
and conclusions were made regarding the thermal state of the droplets and the mor-
phologies of the droplets.
2.3.1 Determination of the shape of the solidification front within a droplet
Sn-5wt%Pb alloy powders collected at flight distances of 260 and 415.5 mm were
investigated to study the shape of the solidification front inside the droplet. The pow-
ders were collected in oil in the in-situ calorimeter inside the uniform droplet genera-
tor. The powders were observed under the scanning electron microscope (SEM). Table
2.2 lists the experimental conditions under which the droplets were produced. 99.9%
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Table 2.2 Experimental conditions for Sn-5wt%Pb
Alloy Sn-5wt%Pb
Orifice Diameter 100 tm
Chamber Pressure 34.01 kPa
Crucible Pressure 170.07 kPa
Melt Temperature 553 K
Frequency 10.48 kHz
Droplet Diameter 180 gm
pure Sn-5wt%Pb alloy was used. The intercepted powders were cleaned with acetone
and allowed to dry in air. They were cold mounted in 25.4 mm plastic holders using
room temperature curing epoxy and resin. After they solidified, then were cleaned
with distilled water and methanol. They were then ground using 340, 500, 1200 and
4000 grit papers and polished sequentially with 6 m and 1 um diamond paste, 0.3
mtnz alumina solution and 0.05 ,tm chromia solution. Finally each sample was etched
for 12 to 15 seconds using one part nitric acid, one part acetic acid and eight parts
glycerol. The powders were observed under a scanning electron microscope (SEM).
2.3.2 Determination of the enthalpy of the droplets in flight
The enthalpies of Sn-5wt%Pb droplets were measured as a function of flight distance.
The droplets were collected in oil in the in-situ calorimeter inside the uniform droplet
generator. The temperatures near the bottom and top of the oil were measured using a
data acquisition system. These temperatures were used in an energy balance equation
to determine the enthalpies of the droplets. Table 2.2 lists the system parameters that
were used to measure the enthalpies of the droplets in flight. The enthalpies were mea-
sured at the following flight distances: 260, 415.5, 500, 550, 600, 612.4, and 650 mm
We used the procedure described in Section 2.2.1 to create the uniform droplets.
Once the droplets were produced, we intercepted them in the oil baths at the required
flight distances. Figure 2.7 shows a characteristic graph of the temperatures of the oil
bath versus time for a given flight distance. The top curve shows the temperature reg-
istered by the thermocouple placed near the bottom of the oil bath and the bottom
curve shows the temperature registered by the thermocouple placed near the surface of
the oil bath. The two thermocouples initially show room temperature. As the droplets
get collected in the oil bath, the temperatures start rising. This is because the heat
28
energy from the droplets is transferred to the calorimetric device. The time of the
experiments ranges between 300 and 400 seconds. This is the time duration during
which the droplets are collected in the oil bath in the calorimetric device. When the
experiment stops, the temperatures start falling as a result of cooling. Cooling mainly
occurs as a result of convection between the surface of the oil bath and the gas in the
chamber. Radiation effects are neglected because the heat loss from the droplets by
radiation is only a small fraction of the heat loss by convection. The next section
explains the technique used to determine the enthalpy of the droplets from the temper-
atures of the oil bath.
Uniform droplets are collected in the oil bath while the experiment is in progress.
Hd is the total enthalpy carried into the oil by the droplets. Some of it is transferred to
the oil and to the droplets already in the oil. The rest of the enthalpy is lost to the atmo-
sphere in the uniform droplet generator by either being absorbed by the walls of the
calorimetric device or by being lost to the atmosphere through the walls and the sur-
face of the calorimetric device. The total enthalpy loss is denoted by H1.
The entire heat balance can be expressed by the following equation:
dHd dH1 dT
d-t -d = (nd (t) Cd + mc (T) ) -t (2.
where md is the mass of the droplets collected in the oil in the calorimetric device, Cd is
the specific heat of the droplets, mo is the mass of the oil, c is the specific heat of the
oil, T is the temperature and t is the time. md and co are functions of time and tempera-
ture, respectively.
The specific heat of the oil was measured as a function of temperature using a dif-
ferential scanning calorimeter (DSC). The graph of the specific heat as a function of
the temperature is shown in Figure 2.6. The curve fit result for the relationship
between the specific heat and the temperature is given by the following equation:
co = 0.003T+ 1.43 (2.2)
The mass of the droplets md collected in oil changes with time. It can be measured
using an electronic balance which has an error bar of +0.5 gm.
The enthalpy loss, H1, through the calorimetric device was measured by running
separate calibration experiments outside the system. Figure 2.3 shows a schematic dia-
gram of the system that was used to run the calibration experiments. The system con-
29
sisted of the following parts: calorimetric device, oil, two thermocouples, heater, and
data acquisition system. The calorimetric device, the amount of oil, the thermocou-
ples, and the data acquisition system were the same as those used in the uniform drop-
let generator to carry out the actual experiments. As before, one thermocouple was
placed near the bottom of the oil and the other thermocouple was placed near the sur-
face of the oil. Details of these parts are described in Section 2.2. The heater was a 8
watts band resistance heater (Watlow Gordon). Using the circuit shown in Figure 2.3,
electrical energy corresponding to the heat energy carried by the droplets was provided
to the oil through the heater. Five separate experiments were carried out to cover the
entire range of experimental conditions. In each experiment, a particular amount of
electrical power was added to the oil. The data acquisition system captured the temper-
atures of the two thermocouples in the oil. The temperatures of both thermocouples
were allowed o reach a steady state value. At steady state, the temperatures of the
thermocouples showed no change. This implies that at steady state, the power input Po
into the oil was equal to the rate of enthalpy loss through the calibration system. This
relationship can be expressed by the following equation:
dH 1
dt = P (2.3)
Figure 2.4 shows the relationship between the rate of enthalpy loss and the temper-
ature. A curve fit result shows that the relationship between the rate of enthalpy loss
and the temperature is given by the following equation:
dH1
= 0.111 T- 3.057 (2.4)dt
By substituting Equations 2.2, 2.4 and 2.5 into Equation 2.1, the following equa-
tion is obtained:
dHd dT
dt = (md (t) (Cd+mo( 0.003T+ 1.43))) + (0.1llT+3.057) (2.5)
By integrating Equation 2.5 with respect to time, the following expression is
obtained:
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AHd = (md (t) cd+mO (0003T+ 1.43) )dT+ (0.111 T- 3.057) dt
Ti ti
(2.6)
where Ti is the initial temperature of the oil. This corresponds to the time ti at the start
of the experiment. Tf is the final temperature of the oil when the flow of droplets into
the oil stops. This corresponds to the time tfwhen the experiment stops. There are two
ways to determine Tf. The first method is to read the temperature directly from the
temperature-time chart. The second method is to determine a relationship between the
rate of temperature loss as a function of temperature using a calibration technique.
Then, a point corresponding to a linear part of the cooling curve can be picked. This
point, along with tf, can be used in the relationship to calculate Tf.
Equation 2.7 can be expressed in terms of temperature through the following equa-
tion. aT/at is the slope of the heating curve during the experiment. It captures the rate
of temperature rise during the time when the droplets are collected in the oil.
/ ati (r- T)
AHd = i (at Cd aT/at + m (0.003T+ 1.43) ) dT+
(2.7)
I (0. 111 T- 357 aT/ at
The number of droplets collected in the oil bath is equal to the total mass of the
droplets in the oil bath at the end of the experiment divided by the mass of an individ-
ual droplet. The mass of an individual droplet is equal to the product of its total vol-
ume and its density. This can be expressed as:
md
n Vd d (2.8)
where Pd is the density of the droplet and Vd is the volume of the droplet. Therefore,
the enthalpy change of one droplet can be calculated by dividing the total enthalpy
change of all the droplets by the total number of droplets collected. This expression is
given by:
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Ah d AHd (2.9)
where A hd is the droplet enthalpy with the initial oil temperature (25°C) as the refer-
ence temperature. Equation 2.10 was used to calculate the enthalpy change of the
droplet before and after impinging into the oil as a function of different flight distances
from the orifice.
The computation of Ahd for Sn-Swt%Pb droplets collected at a flight distance of
500 mm by using the Equations (2.1) - (2.9) is shown in Appendix I.
2.3.3 Determination of the undercooling of the droplets
This section qualitatively describes a procedure that can be used to evaluate the under-
cooling of the droplets from the enthalpy values of the droplets. Figure 2.5 shows a
schematic graph that plots the enthalpy of each droplet as a function of flight distance
at different undercooling levels [18]. This graph can be obtained theoretically by using
a model [18, 24, 25] that determines the enthalpy of each droplet as a function of
undercooling at different flight distances. In the absence of undercooling, the enthalpy
values lie on the equilibrium line denoted by 3. Lines 1 and 2 correspond to different
levels of undercooling. From the experimental procedure described in Section 2.3.2,
the enthalpy of each droplet can be determined experimentally between a certain flight
distance region in the uniform droplet generator. These values can then be plotted on
Figure 2.5 and the range of the undercooling amount that the droplet acquires during
the experiments can be determined.
More evidence of undercooling can be obtained by looking at the microstructures
of the collected powders. In particular, two results in Chapter 3 show that the droplets
are undercooled. They are as follows: we don't see any lamellar eutectic structures in
the eutectic Sn-37wt%Pb alloys, and the primary phase in Sn-25wt%Pb and Sn-
37wt%Pb is the Pb-rich phase.
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Figure 2.2 Schematic diagram of the calorimetric device.
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Figure 2.3 Schematic diagram of the calibration apparatus.
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Figure 2.4 Rate of enthalpy loss plotted as a function of
temperature during calibration experiments.
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Experimental Results
3.1 Relationship between the Thermal State of the Droplets and the Morphology
of the Droplets
Under equilibrium solidification (without undercooling), the droplets start solidifying
at their liquidus temperature and complete solidifying at their solidus temperature.Un-
der equilibrium solidification, the thermal state of the droplets is defined by the tem-
perature and liquid fraction of the droplets or the enthalpy and liquid fraction of the
droplets. Under non-equilibrium solidification (with undercooling), the droplets start
solidifying at a temperature lower then their liquidus temperature. The difference
between the liquidus temperature and the temperature at which the droplets start solid-
ifying is called the undercooling level. Under non-equilibrium solidification, the ther-
mal state of the droplets is defined by the temperature, liquid fraction and initial
undercooling of the droplets or the enthalpy, liquid fraction and undercooling of the
droplets. During all the experiments, powders were collected in oil in the uniform
droplet generator. The microstructures of the powders were observed under the micro-
scope. The morphologies of the droplets were then deduced from the microstructures
of the powders.
Figures 3.1 and 3.2 show the effects of temperature, enthalpy, and liquid fraction
on the microstructures of the collected powders. The temperature, enthalpy, and liquid
fraction were varied by changing the flight distance between the orifice and the sub-
strate. We expect that as the flight distance from the orifice increases, the temperature,
enthalpy, and liquid fraction of the droplets decrease. Figure 3.1 compares the micro-
structure of Sn-37wt%Pb powders collected in oil in the presence of N2 -2%H2 gas at
two different flight distances: 375 mm and 700 mm. The powders collected at 375 mm
show a fine, dendritic microstructure with an irregular spherical shape. The powders at
700 mm show a somewhat coarser, two phase structure with a regular spherical shape.
The difference in shape is due to the difference in the liquid fractions of the powders.
The irregular spherical shape for the powders collected at a flight distance of 375 mm
clearly indicates that these powders contained a higher level of liquid fraction than the
powders collected at 700 mm which show a regular spherical shape. Therefore, the
powders at 375 mm were deformed out of their regular spherical shape.
Figure 3.2 compares the microstructure of Sn-25wt%Pb powders collected in oil in
the presence of N2-2%H2 gas at two different flight distances: 200 mm and 600 mm.
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The powders collected at both distances are spherical. However, they are smaller in
size at a flight distance of 200 mm. This is because the droplets at 200 mm are fully
liquid with a high liquid fraction and cause each droplet to break up into smaller drop-
lets on impact with the oil. The powders at 600 mm have a low liquid fraction and are
not easily deformable. Therefore they retain their regular spherical shape. A measure-
ment shows that the powders collected at 200 mm are about 1/4 the size of the pow-
ders collected at 600 mm.
Figure 3.3 shows the effect of undercooling of the droplets on the microstructure
of the collected powders. The undercooling was varied by using two different inert
gases in the uniform droplet generator. The two gases were N2 and N2-2%H2 . The use
of N2-2%H2 enables the H2 to react with the 02 in the chamber. Therefore the poten-
tial for oxide to be formed on the surface of a molten alloy droplet which can then act
as high potency heterogenous nucleation sites is reduced. Prevention of oxidation is
considered to promote droplet undercooling. Hence the use of N2 -2%H2 increases the
chances for undercooling. Without H2, however, oxidation can take place at oxygen
potentials as low as 10-4 0 atm and thus could have readily occurred in the CaSO 4 des-
iccated N2 gas. Therefore, the droplets produced in the N2 -2%H2 gas were under-
cooled more than those produced in the N2 gas. Figure 3.3 compares the
microstructure of Sn-25wt%Pb powders collected in oil at a flight distance of 400 mm
in N2 and N2-2%H 2 gases. The powders produced in N2 froze mostly as they were as
uniform spherical powders. The powders produced in N2-2%H2 solidified as irregular
ellipsoids. The difference in shapes in due to the difference in the undercooling of the
droplets in both the gases. The droplets produced in N2 -2%H2 gas were undercooled
more than the droplets collected in the N2 gas due to the reasons mentioned in the pre-
vious paragraph. Therefore the start of solidification was delayed more in this case and
therefore, these droplets contained more liquid than those produced in the N2 gas for
the same flight distance. The higher liquid fraction was responsible for deforming the
droplets from their spherical shape in the N2-2%H2 gas. The powders produced in the
two different gases also show a difference in their microstructure. In N2-2%H2, the
powders show a fine-equiaxed microstructure, indicating a higher solidification rate
for the powders produced in the N2 -2%H2 gas. This condition suggests that these
droplets were fully molten and undercooled when they impinged into the oil. The pow-
ders produced in N2 show a coarser-dendritic microstructure, indicating a lower solid-
ification rate for the powders produced in the N2 gas.
Figure 3.4 shows the effect of alloy composition on the microstructure and shape
of the powders;. The alloy composition affects the undercooling of the droplets [16].
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However, from the microstructures obtained in this work, it was difficult to correlate
the composition of the alloy with the exact amount of undercooling of the droplets.
Nevertheless, some significant differences were observed in terms of the liquid frac-
tion of the collected powders. From the phase diagram in Figure 1.2, Sn-37wt%Pb is
transformed into the solid stage from the liquid stage at a single temperature corre-
sponding to the eutectic temperature. On the other hand, Sn-25wt%Pb goes through a
region corresponding to the semi-solid phase before it is transformed into the solid
stage. Therefore, the likelihood of deformation is higher in Sn-25wt%Pb than Sn-
37wt%Pb since the former composition has a higher liquid fraction compared to the
latter composition at any flight distance. This is indeed the trend observed in Figure
3.4. Figure 3.4 compares Sn-25wt%Pb powders with Sn-37wt%Pb powders at a flight
distance of 400 mm in N2-2%H2 gas. The Sn-25wt%Pb powders show a higher degree
of deformation in shape and have a finer microstructure. The Sn-37wt%Pb powders
show a lower degree of deformation in shape and have a coarser-equiaxed morphol-
ogy.
3.2 Initiation of the Solidification Front Inside the Droplet
The knowledge of the shape of the solidification front inside the droplets is essen-
tial for modeling the entire solidification process inside the droplets. Previous efforts
have assumed that the shape of the solidification front inside the droplets has a planar
configuration [20]. This assumes that the solidification front moves from one end of
the droplet towards the other end. This assumption is mainly used to simplify the anal-
ysis since it is easier to model the planar configuration than any other solidification
front geometry.
We hypothesize that in the uniform-droplet spray process, the solidification front
has a spherical shape which initiates at the outer surface and moves radially inwards
towards the center of the droplets. The droplet has the lowest temperature along its
surface due to the heat'transfer at the surface between the droplet and the atmosphere.
The individual solidification fronts from the different nucleation sites that form near
the surface eventually merge to form a hollow spherical solidification front inside the
droplet. The solid ring grows and propagates towards the center of the droplet. To
study the initiation of solidification, the microstructures of Sn-5wt%Pb droplets col-
lected in oil in the calorimetric device were studied under the scanning electron micro-
scope.
Figure 3.5 shows Sn-5wt%Pb droplets collected in oil at a flight distance of 415.5
mm. In all the droplets shown, a ring propagating towards the center is clearly visible.
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This can probably be explained as the solidification zone expanding towards the center
of the droplets. Figure 3.5 shows that the shape of the solidification front is spherical.
This is expected since the droplets are exposed to the same conditions throughout their
surface while travelling through the inert gas. Therefore the probability of nucleation
sites being formed along the surface of the droplets is equal in all directions. This con-
clusion is supported by Figure 3.6.
Figure 3.6 shows Sn-Swt%Pb droplets collected in oil at a flight distance of 260
mm. The micrograph on the top shows a number of droplets mounted, ground and pol-
ished in an epoxy medium. It is conceivable that the white regions inside the droplets
are the nucleation sites. A study of all the droplets in the medium shows that the solid-
ification pattern within the droplet consists of several steps: nucleation sites are
formed on the surface of the droplets, they grow in number and finally they merge
together and form a solid ring that propagates towards the center of the droplets. By
studying the different droplets shown in Figure 3.6, all the steps ranging from the ori-
gin of the nucleation sites along the surface of the droplets to the formation and propa-
gation of the solid ring towards the center of the droplet can be identified. However,
more work needs to be done in order to confirm these evidences.
3.3 Determination of the enthalpy of an individual droplet
Using the procedure outlined in Section 2.3, the enthalpies of Sn-5wt%Pb droplets
were measured as a function of flight distance. The enthalpies were compared with the
values calculated from an equilibrium solidification model. Table 3.1 lists the experi-
mentally measured values and the equilibrium solidification model values. This sec-
tion also describes how the experimentally measured values can be used to determine
the undercooling of the droplets.
Table 3.1 Measured and Calculated Enthalpy Values
Enthalpy Calculations
Flight Enthalpy Measurements from Equilibrium
Distance from Experiments Solidification Model
(mm) (J/droplet) (J/droplet)
260 1.60x 10-3 1.80x 10- 3
415.5 1.50x 10 -3 1.54x 10-3
500 1.2 lx 10 -3 1.30x 10-3
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Table 3.1 Measured and Calculated Enthalpy Values
Enthalpy Calculations
Flight Enthalpy Measurements from Equilibrium
Distance from Experiments Solidification Model
(mm) (J/droplet) (J/droplet)
550 1.17x10 -3 1.18x10 -3
600 2.39x10 -4 1.05x10 -3
612.4 2.05x10 -4 1.01x10 -3
650 4.74x10 - 5 9.25x10 - 4
The enthalpies calculated using the equilibrium solidification model [19] are
shown in the third column of Table 3.1. The model assumes that the droplets nucleate
under equilibrium solidification conditions without undergoing any undercooling. The
droplets start solidifying at their liquidus temperature and complete solidifying at their
solidus temperature. The enthalpy of the droplets is determined by the temperature and
amount of solidification of the droplets. This can be expressed by the following equa-
tion:
T
hd = ((c dT) +xHf)
25C
or
hd =xHf+ cAT
where Hf is the enthalpy of fusion, c is the specific heat, and x is the liquid fraction.
The enthalpy of the droplet is proportional to the liquid fraction of the droplet, which
is to be expected since a higher liquid fraction means a higher temperature and a
higher enthalpy.
Figure 3.7 presents the experimentally measured and the theoretically determined
droplet enthalpies as a function of flight distance. In Figure 3.7, the circles represent
the experimental data points whereas the triangles represents the equilibrium model
predictions. There is a difference in the experimental values and the equilibrium model
values, as expected. However, in order to determine the exact reasons for this discrep-
ancy, more accurate experimental measurements need to be done. One of the probable
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reasons for this discrepancy may be an overestimation of the heat loss during the cali-
bration experiments. During the measurement of droplet enthalpies, we have used the
steady state temperatures of the oil in the calorimetric device to measure the heat loss.
However, the actual experiments in the uniform-droplet spray process are carried out
during transient conditions. Therefore, there is an overestimation of the heat losses
during the experimental measurements of the enthalpies. This might have led to an
underestimation of the experimental enthalpies at all the flight distances.
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Sn-37wt%Pb (375 mm, N,-2%t 1,)
Sn-37wt%Pb (700 mm, N-2%H,)
Sn-37wt%Pb droplets collected in oil in N2-2%H2 gas at 375
mm and 700 mm. The micrographs show the effects of
temperature and liquid fraction on the microstructures of the
collected powders.
Figure 3.1
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Sn-25wt%Pb (600 mm, N,-2%H,)
Figure 3.2 Sn-25wt%Pb droplets collected in oil in N,-2%1t, gas at 200
mm and 600 m. The micrographs show the effects of
temperature and liquid fraction on the microstrLIctures of the
collected powders.
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Sn- 25 t% PhPb (400 m n, N,)
Sn-25wt%Pb (400 mm, N-2%H 2)
Figulre 3.3 Sn-25wt%Ph droplets collected in N gas and N,-2%H, gas
at 400 mm. The micrographs show the effect of undercooling
on the micl-ostructures of the collected powders.
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Sn-37wt%Pb (400 mm, N2-2%H 2)
Sn-25wt%Pb droplets and Sn-37wt%Pb droplets collected in
oil in N2-2%H 2 gas at 400 mm. The micrographs show the
effect of liquid fraction on the microstructures of the
collected powders.
Figure 3.4
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Sn-5wt%Pb (415.5 mm, N,)
I
L
1 l 
O 100 m
Sn-5wt%Pb (415.5 mm, N)
Figure 3.5 Sn-Swt%Pb droplets collected in oil in N2 gas at 415.5 mm.
The micrograph shows the shape of the solidification front
inside the collected powders.
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Sn-5wt%Pb (260 mm, N,)
0 100 m
Sn-5wt%Pb (260 mm, N2 )
Figure 3.6 Sn-5wt%Pb droplets collected in oil in N2 gas at 260 mm.
The micrograph shows the initiation of solidification inside
the collected powders.
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Summary and Future Work
4.1 Summary
The uniform-droplet spray process is a droplet-based manufacturing process in which
parts are made out of uniform molten metal droplets. The use of uniform droplets pro-
vides a number of advantages over conventional spray forming processes. The deposit
has an equiaxed and homogenous microstructure with a low porosity. In order to max-
imize the potential of the uniform-droplet spray process, it is essential to characterize
all the parameters that affect the microstructure of the deposit. This work studies vari-
ous aspects of the thermal state of the droplets in the uniform-spray forming process.
The uniform droplets are collected in a calorimetric device that is built as a modu-
lar unit of the existing uniform-droplet apparatus where the uniform powders are cre-
ated. The major aspects. of the thermal state of the droplets that are studied are as
follows: system variables that affect the thermal state of the droplets, relationships
between the thermal state of the droplets and the microstructures of the collected pow-
ders, shape of the solidification front inside the droplets, and the enthalpy values of the
individual droplets.
The main system variables that affect the thermal state of the droplets are flight
distance, type of inert gas in the apparatus, and alloy composition. The flight distance
affects the temperature, enthalpy, and liquid fraction of the powders. Powders col-
lected at a smaller flight distance are deformed more because they contain a higher liq-
uid fraction than the powders collected at a larger flight distance. The type of inert gas
affects the undercooling of the powders. Powders collected in N2-2%H 2 are under-
cooled more than the powders collected in N2. The alloy composition affects the liquid
fraction of the powders. Sn-25wt%Pb powders are deformed more. than Sn-37wt%Pb
powders because they contain a higher amout of liquid fraction at the same flight dis-
tance.
In order to determine solidification parameters inside the droplets, it is essential to
have a knowledge of the shape of the solidification front inside the droplets. Previous
studies have indicated that the shape of the solidification front is planar during the
solidification of droplets in droplet-based manufacturing processes. However, from
the observations in this work, the shape of the solidification front of the collected pow-
ders looks spherical. However, more work needs to be done in order to confirm this
conclusion.
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Finally, the enthalpies of the individual droplets in the uniform-droplet spray pro-
cess are determined by using an energy balance equation that relates the enthalpies of
the droplets to the heat losses that occur from the walls and surface of the calorimetric
device. The measured droplet enthalpies range between 1.60x10-3 j/droplet and
4.74x10-5 j/droplet. These values are compared with values obtained from an equilib-
rium solidification model. The enthalpies in the model range between 1.80x10-3 j/
droplet and 9.25x 10-4 j/droplet.
4.2 Future Work
To predict internal solidification parameters in an undercooled droplet, a model is cur-
rently being developed [18]. This model is a modification of the LGK model devel-
oped by Lipton, Glicksman and Kurz [20]. The LGK model is suitable for free
dendritic growth in an undercooled binary alloy melt. It permits the calculation of the
growth rate and interfacial concentrations for small undercooling under equilibrium
conditions.The modified model can predict the temperature, enthalpy, solid-liquid
interface velocity, solid-liquid interface composition and dendritic tip radius inside a
highly undercooled droplet. The assumptions underlying this model are as follows:
1. This model is capable of predicting dendritic growth in a highly undercooled
melt. In this case, the solid-liquid interface migrates at a very high velocity.
This restricts diffusional rearrangement of the atoms at the interface, forcing
the interfacial concentrations to deviate from local equilibrium values. The
high interface velocity forces the kinetic partition ratio to become greater
than the equilibrium kinetic partition ratio.
2. The dendritic tip shape is assumed to be paraboloid of revolution.
3. The heat and mass transport occur by diffusion only.
4. Local equilibrium is maintained at the solid-liquid interface.
We believe that the droplets in our system undergo undercooling. This is due to the
large discrepancy observed between the experimental and equilibrium model enthalpy
values for large flight distances. However, we are not aware of the amount of under-
cooling that the droplets go through. The total undercooling consists of four different
kinds of undercooling: curvature, constitutional, thermal and kinetic. The kinetic
undercooling is a measure of the deviation of the kinetic partition from the equilibrium
kinetic partition. It is significant at high solid-liquid interface velocities. The total
undercooling can be expressed in the form of an equation consisting of three unknown
quantities: dendritic tip radius, solutal Peclet number and kinetic partition ratio. By
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using a morphological stability criterion, a second equation giving a relationship
between the dendritic tip radius and the solutal Peclet number is obtained. From a pre-
viously developed model by Aziz [18] which is used to describe solidification in an
undercooled dilute binary alloy, a third equation giving a relationship between the
kinetic partition ratio and the solutal Peclet number is determined. Therefore, for a
given level of undercooling, the three equations can be simultaneously solved for the
dendritic tip radius, the solutal Peclet number and the kinetic partition ratio. Further-
more, the solutal Peclet number is related to the interface velocity and the kinetic par-
tition ratio is related to the interface concentration. The interface velocity is related to
the liquid fraction, the temperature and the enthalpy.
Therefore, the modified model can predict the internal solidification parameters
inside a highly undercooled droplet as a function of the undercooling level. These
parameters include the temperature, enthalpy, liquid fraction, solid-liquid interface
velocity, the solid-liquid interface concentration, and dendritic tip radius.
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Appendix I
This appendix calculates the enthalpy change of an individual Sn-5wt%Pb droplet
before and after it impinges into the oil. The droplets are collected at a flight distance
of 500mm. The appendix first describes the conditions of the experiment. The
enthalpy change is computed by using the equations derived in section 2.3. Figure
Al.1 shows the temperatures of the thermocouples near the bottom and top of the cal-
orimetric device during the collection of Sn-Swt%Pb droplets in oil.
Experimental Conditions:
alloy
flight distance
Sn-5wt%Pb
500 mm
mass of oil, mo
specific heat of oil at 250 C, co
1.52 gm
1.47x10 -3 J/gm-mm
mass of droplets collected in oil, md
specific heat of droplets collected in oil, cd
initial temperature at the start of the experiment, Ti (fig-
ure Al.1)
final temperature at the end of the experiment, Tf (figure
Al. 1)
duration of experiment, tf (figure Al.1)
slope of the heating curve, aT/Dt (figure A1.1)
number of droplets collected in oil, n
rate of collection of droplets in oil, (amd) / (at)
2.10 gm
0.213x10-3 J/gm-mm
25.2 °C
43.47 °C
274.5 seconds
0.211 C/second
8.6x 104 droplets
0.00765 gm/second
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Equation 2.8 derived in section 2.3 is used to compute the total enthalpy change of all
the droplets collected in oil. This is expressed by:
Tf
amd (T- T)
AHd = d aT/at + mO (0.00255T+ 1.43) dT+
(A1.1)
T/
f (0.111455T-3.057142) dT
aT/at
Ti
By substituting the values from the experimental conditions, AHd is calculated to be
104.06 J.
Equation 2.10 derived in section 2.3 is used to compute the enthalpy change of an indi-
vidual droplet. This expression is given by:
AH d
Ahd d (A1.2)
By using equation A1.2, Ahd is calculated to be 1.21x10-3 J/droplet.
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Time (sec.)
Figure A.1 Temperatures near the bottom and top of the oil in the cal-
orimetric device during the collection of Sn-Swt%Pb
droplets in oil. The calorimetric device was located at a
flight distance of 500 mm.
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